Field emission undergoes the energy exchange process. Due to the Nottingham effect, a cathode is heated or cooled according to temperature T and field F. [1] [2] [3] Half a century ago, the inversion temperature T i of the tungsten cathode was measured and found to vary from 500 K to over 1000 K as a function of F. 4, 5 Even though the energy exchange process was not well understood, some theoretical calculations of T i were made to be in reasonable agreement with the measured values of T i . 3, 6 The high value of T i results from the planar tip of a metallic cathode. For the same reason, the low value of T i is accessible by the use of a sharp tip which forms a thin and shallow vacuum barrier, so as to filter highenergy electrons in the quantum tunneling. Thus Fisher's group 7, 8 used carbon nanotube tips in an attempt to obtain a noticeable cooling at room T but unlikely made a success. This might reflect that a metallic cathode can yield no useful cooling at room T owing to the half-filled band, regardless of the tip sharpness. It was also suggested that thermionic (or thermal-field) emission from metal would serve as a new method of refrigeration. [9] [10] [11] [12] [13] However, thermionic cooling can be achieved only at very high temperatures and very low values of work function, which seems to be unrealistic. 9 Recently, Chung et al.
14 have developed a formal theory for the energy exchange in field emission from the n-type semiconductors in consideration of the configuration shown in Fig. 1 . The theory predicts T i ¼ 0 K even for a planar tip, implying that the Nottingham effect yields cooling at all T. In the previous calculation, 15 we used this formal theory to obtain a Nottingham effect comparable to the Peltier effect for the n-type PbTe. In the current work for the n-type Si semiconductor, we apply the same scheme along with the sharp tip effect. 7, 16 When a bias V is applied between a planar semiconductor cathode and a planar metallic anode with separation of d, the potential energy in vacuum is given by 7, 17 
where F 0 ¼ V=d, c ¼ ðj À 1Þ=ðj þ 1Þ, j the dielectric constant, v the electron affinity, U s the band bending due to field penetration, 18 and x the distance from the cathode. Here, the last two terms are the image interaction and the applied potential energy. The superscript 0 indicates a planar tip. When U s ¼ 0 and c ¼ 1, Eq. (1) reduces the form for a metallic tip.
In order to obtain the vacuum potential energy UðxÞ for a non-planar tip, we model the tip as a sphere of radius R instead of a planar tip. By appropriately modifying each terms of U 0 ðxÞ, we can obtain a curvature dependent form of UðxÞ. The first two terms in the right-hand side of Eq. (1), v þ U s , remain almost unchanged because of material properties. The third is changed to contain a curvature factor 1=ð1 þ 0:5 x=RÞ. The last term is found to have another curvature factor ð1 þ d=RÞ=ð1 þ x=RÞ when even the anode is assumed to be a sphere of radius R þ d. The assumption of the anode configuration holds good for d ) R, which is the case. In all, we have
This is the vacuum potential energy for a spherical semiconductor cathode. Here, U s is numerically obtained in the calculation of the potential energy in the semiconductor. It is clear that UðxÞ is reduced to U 0 ðxÞ in the limit R ! 1. The comparison between UðxÞ and U 0 ðxÞ makes the field at the spherical surface given by F ¼ F 0 ð1 þ d=RÞ ¼ Vð1=d þ 1=RÞ %V=R. The last approximation is almost exact since the current calculation was made for R < 2 nm and d ¼ 1000 nm.
We use Eq. (2) to calculate UðxÞ for 0 < x < d(in vacuum) at R ¼ 1, 2.0, 0.5, and 0.25 nm. We set d ¼ 1000 nm and the carrier concentration n ¼ 10 19 cm À3 through the current work. The obtained UðxÞ are shown in Fig. 2 . To examine the effect of the barrier on tunneling, we take V ¼ 1000 V for R ¼ 1 and V ¼ 4.0 V for R ¼ finite. When R ¼ 1(dotted line), UðxÞ falls down by the value of V(¼1000 V) linearly over d. When R is finite (solid lines), UðxÞ falls down more rapidly for small x and more slowly for large x, even if the total fall is equal to V(¼4 V). The value of V ¼ 4.0 V is chosen because v is 4.05 eV for Si. It is seen that the smaller the radius, the better the barrier has its role to filter high-energy electrons in tunneling. Therefore, we take R as small as possible. 16, 19 For À1 < x < 0 (in the semiconductor region), we obtained UðxÞ by solving the Poisson equation numerically. This leaded to find the numerical values of U s ¼ Uðx ¼ 0Þ. When the bias of V ¼ 4.0 V is applied across the gap, we have U s ¼ À0.13, À0.36, and À0.61 eV for R ¼ 2.0, 0.5, and 0.25 nm, respectively. For V ¼ 1000 V and R ¼ 1, we have U s ¼ À0.08 eV. The value of U s is determined by F % V=R since n is fixed. It represents the lowering of the barrier height which is crucial in tunneling. Once UðxÞ is given for À1 < x < d, we used the scheme of Lui and Fukuma 20 to make the more exact calculation of the transmission coefficient Dðe x Þ for an electron of normal energy e x . In principle, no approximation was used in the calculation of Dðe x Þ. It is assumed that F was applied in the x-direction.
Field emission consists of electron emission and replacement. Replacement is meant by the process that injected electrons occupy the same number of empty states as evacuated by emission. If the conduction band makes a major contribution, then the field emission current density j is given by
where j e ðeÞ is the field electron energy distribution. The calculation of j e ðeÞ is made using the expression 14 
2 V, where E g ¼ 1.12 for Si. For R !0.5 nm, the saturated j should be made by the bias V > v þ E g , which is not desirable because the valence band may contribute. This is the main reason why we take R as small as 0.25 nm.
When field emission is operated in a steady state, the emission and replacement processes together yield the energy exchange (see Fig. 1 )
where he e i and he r i are the average energies of the field and replacement electrons. We evaluated both he e i and he r i using 
Here, the T-dependence of q is taken into account using the fitting relation. [21] [22] [23] Then the calculation of C is straightforward, where we choose L ¼ 0.1 cm. The obtained C are shown as a function of V in Fig. 5 . The maximum value of C are approximately 398, 3105, and 10 000 watt/cm 2 at T ¼ 300, 600, and 900 K, respectively. The peak is located about V ¼ 5. 
where I ¼ jA, the current of the circuit. By Eqs. (5) and (6), g varies roughly as De=V in the practical range of j. This implies that g is large or small for V small or large, respectively. Another important quantity C increases with increasing V in the practical region, as shown in Fig. 5 . Thus, it may be a drawback of field emission cooling that both C and g can not be large at the same time in the entire range of V. As mentioned above, however, there are two factors, T and R, to improve cooling. At high T, C, and g together can be meaningfully large. For small R, g can also become large since j is large even for small V. Niche values of De, C, and g are shown in Table I . For V ¼ 4.0 V, we obtain g ¼ 10% and 18% at T ¼ 300 and 900 K, respectively. For V ¼ 4.5 V, we have g ¼ 1.0% and 6.7% at T ¼ 300 and 900 K, respectively. To outline the supposed cooler more realistically, we need to estimate U and I numerically with a certain choice of TABLE I. Cooling Characteristics. Cooling of field emission from the n-type Si tip is described by the energy exchange De, the power density C, and the efficiency g at temperature T and for the bias V. We take the tip radius R ¼ 0.25 nm and the tip-anode distance d ¼ 1000 nm. A. The exact value of A can not be determined since F(or j) varies from position to position over the region of emission. 16 If j is assumed to be constant over a certain value of A, we can take it reasonably. As a typical device, we consider the Spindt-type 24 cathode which has an array of 10 9 tips per centimeter square and I of 1 nA per tip. This make it possible to consider I in the range from 0.1 mA to 100 A. This means that we can take A % 0.01 cm 2 . When the bias of V ¼ 4.5 V is applied, we have U ¼ CA %0.02, 0.75, and 7.1 W at T ¼ 300, 600, and 900 K, respectively (see Table I and Fig. 5 ). For V ¼ 5.0 V, we have U % 2.3, 21.6 and 80.3 W at the same above temperatures, respectively.
It looks that the currently obtained Nottingham effect is comparable to the Peltier effect. 15, 23 According to the situation, either one may be more powerful than the other. It is clear that the Nottingham effect is more effective in cooling an electronic device at high T. In this regard, the currently proposed field emission cooling, at first, will be likely utilized as a practical solid state cooler in a high-temperature environment.
